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THE BRADLEY LANE EXPERIMENTAL ROAD 


By the Division of Tests, United States Bureau of Public Roads 


the District of Columbia line, and connecting 

Connecticut Avenue with Wisconsin Avenue, 
which until recently served as a main traffic outlet from 
Washington to the West. The thoroughfare is 3,800 
feet long and has always carried heavy traffic. 

Prior to 1911 it was maintained as a limestone mac- 
adam road. During the period between 1911 and 1915 
various surface treatments were tried.’ In 1915 the 
macadam was widened and a bituminous macadam 
surface applied. In 1923 the road was further im- 
proved by the construction of a concrete shoulder along 
the south edge of the pavement. A general plan of the 
road at the present time is shown in Figure 1. Figure 2 
shows in detail the surface improvements which were 
made at different times. 


B vine Dis LANE is a highway in Maryland near 


SURFACE TREATMENT FIRST APPLIED IN 1911 


Prior to 1911 the concrete shoulder on the south side 
of the road had not been constructed and the cross and 
longitudinal drains, shown in Figure 1, had not been 
installed. The concrete sidewalk shown on the north 
side of the road, however, had been built. The width 
of the surface was 10 to 12 feet. 

Numerous failures, due to an insufficient amount of 
road metal and to the absence of means for removing 
surface water, made the road almost impassable at 
certain seasons of the year during its early life. This 
difficulty was gradually eliminated by the adjoining 
farm owners, who for several years hauled in materials 
and filled the holes as the soft spots developed. By 
1911 the road had developed into a smooth, well bonded, 
and fairly stable structure with a smooth limestone 
wearing course. 

Surface treatment was first applied in 1911. Two 
types of material—semiasphaltic oils, and a molasses- 
lime mixture, were used on locations as shown in Figure 
2. The west end of the road (440 feet) adjoining Wis- 
consin Avenue was not treated. 


SEMIASPHALTIC OIL TREATMENTS (EXPERIMENT I) 


Experiment 1 was divided into three sections, which 
varied primarily in the amounts of oil used and, to some 
extent, in the method of treatment. 

Before applying the oil the limestone macadam sur- 
face was swept to remove dust and loose particles of 
stone. ‘The oil, which was applied at a temperature of 
170° F., was spread by hand brooming and covered 
with stone chips (three-fourths to one-fourth inch) after 
each application. Rolling of the surface completed the 
operation. 

Section 1 began 50 feet west of the west rail of the 
Connecticut Avenue car tracks, extended west 811 
feet and comprised 1,216 square yards. The oil was 
spread in two applications of 0.61 and 0.31 gallon per 
square yard, respectively, and each application was 
followed by an application of stone chips. The char- 
acteristics of the oil used are given in Table 1. 


— 


1 Reports describing the construction and behavior of these experiments are included 
in Office of Public Roads Circulars 98 and 99, U. 8. Department of Agriculture Bul- 
letins 105, 257, 407, and 586, and U. S. Department of Agriculture Circular 77. 
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AFTER SURFACE TREATMENT IN 1911 


CONDITION OF SURFACE 


Section 2 was 256 feet long and comprised 384 square 
yards. The oil was spread in a single application of 
0.61 gallon per square yard. Construction details 
were identical with those of section 1. 

Section, 3 was 1,188 feet in length and had an area of 
1,784 square yards. ‘The treatment of this section was 
identical with that of section 1. 


TABLE 1.—Analysis of the refined semiasphaltic oil? used in the 
1911 surface treatment of experiment 1 


POE OCR ALR EUV EI CRON 0) 1 A et ao aera rere area rity A 0. 972 
Specific viscosity, Engler, 100 c. c., 100° C___________ 9. 5 
Per cent loss at 105° Cs, bt hours, PA ces 501 eee ee ee ym | 
Per cent loss at 163° C., 5 hours additional__________ . 68 


Float test on residue ® at De) SON EOOITICI SD coe eo 288 
Bitumen insoluble in 86° B. naphtha (per cent)______~ 8. 72 





PAISGCL CAT GOMOLDeT COT bl sare See ed. I a 7. 36 
Bitumen soluble in carbon disulphide (per cent) ___ __- 99. 79 
Organic matter insoluble (per cent) _________~ —_ , £9 
Inorganic matter insoluble (per cent)_______________- . 02 





MOLASSES-LIME MIXTURE (EXPERIMENT 2) 


The molasses-lime mixture used in experiment 2 was 
selected because of the fairly satisfactory results secured 
with a similar treatment at Newton, Mass. This type of 
treatment was suggested by the knowledge that a 
mixture of molasses and lime results in the formation 
of calcium sucrates which are tough, sticky salts, not 
readily soluble in water. Laboratory results have 
shown that properly proportioned mixtures of molasses, 
lime, and rock dust or clay will develope a high binding 
value. Waste molasses, known as black strap, could 
be obtained at a comparatively low cost at sugar 
refineries, and it was thought that an efficient and 
economical method of surface treatment for localities 
near refineries might be developed. 

The molasses-lime mixture experiment, which was 
contiguous to experiment 1, was 1,060 feet in length, 
averaged 13 feet in width, and comprised approxi- 
mately 1,590 square yards. At the time of applying 
the treatment, the macadam surface was well bonded 
and in good condition, and was swept and then given 


? Viscous fluid, fairly stable; contained some water. 
§ Granular surface, very viscous, fairly sticky. 
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ROAD SURFACE SUB-DRAIN 


PROFILE- 
FiaureE 1.—PuaN AND PROFILE OF BRADLEY LANE SHOWING DRAINAGE SYSTEM INSTALLED IN 1915 


ISI) SURFACE TREATMENT EXPERIMENTS 


EXPERIMENT 2 EXPERIMENT |! 


1060° SECTION 3:1188' SEC.2 SECTION 1:81" 
" 256° 


MIXTURE OF loit WITH 1-2 INH STONE 
MOLASSES AND LI mle 


SAME AS SEG. 3 EXCEPT 
USING .6!1 GAL.OF OIL 


440° 






















UNTREATED 


MACADAM SAME AS SEG. 3 







1913 SURFACE TREATMENT EXPERIMENTS 
EXPERIMENT 2 


835° 2255' | 


ORIGINAL TREATMENTS OF J9I! MAINTAINED 


EXPERIMENT | 





665 






-438 GAL. OF COLD WATER-GAS TAR REFINED 
COVERING SAME AS EXPERIMENT I. 


53 GAL. HOT COAL-TAR REFINED 7-2 INCH GRAVEL GOVERING. 


1915 PENETRATION MAGADAM 
OIL- ASPHALT PENETRATION MACADAM 


' / ee 


WIDENING 


WISCONSIN AVENUE 
CONNECTICUT AVENUE 


SAND - OIL- GROUT PENETRATION MACADAM 
CONSTRUCTED 3813.5 IN LENGTH 


[923-24 WIDENING AND SURFACE TREATING 


a ORIGINAL SURFACE MADE TO CONFORM TO THE GRADE OF THE CONCRETE SHOULDERS 


_© BY PATCHING WITH BITUMINOUS CONCRETE. COMPLETED BY A SURFACE TREATMENT 
©; OF 0.258 GALLON OF OIL ASPHALT AND 3-INCH STONE, 


45 CONCRETE SHOULDER 8" THICK (MIX 1: 2:4) 





FIGURE 2.—PLAN AND DETAILS OF THE BRADLEY LANE Ex- 
PERIMENTS, 1911 To 1928 
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CONDITION OF Roap IN May, 1912 


a light sprinkling of water to lay and saturate the 
remaining dust. | 

Laboratory tests were made to determine the pro- 
portions of the materials to use in the mixture. It 
was found that 360 pounds of lime, 150 gallons of 
molasses, and sufficient water to yield a volume of 
450 gallons produced a mixture which was quite sticky, 
and yet could readily be sprayed on the road with an 
ordinary sprinkler. 

The method of operation was crude and, as the work 
was done in December, the difficulty experienced in 
mixing was largely increased by the cold weather and 
resulting high viscosity of the molasses. The lime 
was slaked in barrels to form a thick cream and then 
mixed with molasses and the requisite amount of water. 
The solution was then sprayed on the road in an amount 
sufficient to saturate the surface thoroughly, which 
was found to be a rate of approximately 0.26 gallon 
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per square yard. As it dried quickly, it was unneces- 
sary to detour traffic. 

At the time these experiments were conducted, 
traffic over the road was classed as heavy for section 1 
of experiment 1, and as ordinary suburban traffic over 
the other sections. 

Sections of the first experiment were in only fair 
condition one year after construction. Traffic was 
concentrated in a single lane because of the narrowness 
of the roadway, and resulted in the formation of two 
broad, shallow ruts, particularly in the thick, mat- 


~~ ae ~ ae ee oe 





filing the worst depressions and when tamped into 
place and covered with a layer of screenings, developed 
into a firm and satisfactory patch. Additional bare 
places were covered with a light application of water- 
gas tar and screenings. This repair work greatly im- 
proved the condition of the road. Traffic for the year 
1913 averaged 232 vehicles daily. | 
Experiment 2, on which the molasses-lime mixture 
was used, still showed evidences of the treatment one 
month after construction although several heavy rains 
had occurred. Later rains during the year removed all 


APPLYING SURFACE TREATMENT IN 1911 


covered sections, 1 and 3, of experiment 1. These 
ruts developed primarily from the shoving of the sur- 
face mat, but in a few places because of insufficient 
foundation support. Sections 1 and 3 suffered greater 
surface displacement than did section 2, on which the 
single application of oil was spread. There is no doubt 
that the instability of sections 1 and 3 was due prima- 
rily to the use of too much bituminous material, and 
insufficient stone chips since section 2 remained in 
excellent condition. 

An attempt was made to stabilize the bituminous 
mat on a portion of section 1 by spreading a light 
course of crushed rock over the surface. This treat- 
ment was somewhat effective but it was not considered 
sufficiently successful to warrant its use on the whole 
of sections 1 and 38. 

By the end of 1913 excessive shoving and rutting 
had developed in the trafic lane on these sections. 
The bituminous surface mat was cut through for long 
distances and many depressions had occurred. ‘The 
surface mat which had been displaced was used in 


traces of it, and the experiment took on the appearance 
of the adjoining section on the west, which had been 
maintained as untreated macadam. 


SURFACE TREATMENT APPLIED IN 1913 


This work, as shown by Figure 2, consisted of sur- 
face treating both that portion of the road which in 
1911 had received no treatment and also the area 
treated with the molasses-lime mixture. 

The badly rutted and worn limestone surface was 
first scarified, reshaped, and rolled, after which a layer 
of crushed limestone, 3 to 314 inches thick when com- 
pacted, was added and finished as a water-bound 
macadam surface, 10 feet wide. Later in the fall, 
after the surface had become thoroughly bonded, 
bituminous materials were applied by means of a 
pressure distributor and were covered with a layer of 
oravel, 

On experiment 1 (665 feet in length) refined coal tar 
was applied hot at the rate of 0.530 gallon per square 
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yard, and on experiment 2, consisting of 835 feet ad- 
joining on the east, 0.438 gallon per square yard of 
water-gas tar was used. Analyses of the tars used are 
given in Table 2. 

One year after construction these two experiments 
on the west end of Bradley Lane showed the detn- 
mental effect of concentrated traffic. Large quantities 
of building material were being hauled by horse-drawn 
steel-tired vehicles. Vehicles, in passing, were com- 
pelled to run off the road metal, causing excessive 
wear and breaking down on the edges, thereby reducing 
the effective road width. 

By 1915 the condition of the entire road had become 
such thatit wasimpossible, with ordinary maintenance 
methods, to prevent the occurrence of rutting in appre- 
ciable amounts, the formation of potholes and shearing 
and cutting of the edges by traffic. Insufficient width 
of pavement, lack of adequate foundation, and lack of 
artificial drainage were considered as causing the unde- 
sirable conditions referred to. It is probable that the 
large volume of steel-tired traffic caused a more rapid 
deterioration than would have been the case with 
rubber-tired traffic which, at about this time, began to 
replace the steel-tired traffic. The old experiments were 
discontinued and arrangements made to rebuild the 
road as a bituminous macadam constructed by the 
penetration method. 


TABLE 2.—Analyses of tars used in the 1915 surface treatment 





























experiments 

Experi-) Experi- 
ment 1 | ment 2 

Material s..i4-~ Pex we epee Care ee ee Ne Wa a es () (2) 
SHeslfle gravy, eee i yee ee as ele te eer een rene ae ete Fe 1. 204 + EN FA | 
Kloat test at: 22° Se eeCi RS) ni sess oo i oe ei eee a es eee 
Specific viscosity, Engler, b0 0.6. 8 50° Ca. . se ccadeceeeegen en ben |= ears L7eh 
ree carbon (per benti. . 6c oes. 5 See es es eee ta eke 14. 93 3.00 

Distillation, per cent by weight: 

Water. sb cede Ce ha oe ec oe BAe a eee ee 31,3 | Trace. 
NSO? £0 cle Saas oe ee eee ne Ce eee eee Trace 10.2 
VU ma TO Oe ot een te Se eh Aig, bane eee 0.4 52.4 
i tee 7 le i eee Oe ee RS rot ec. See. ewe 611.9 424.3 
S707-S1R° Gueloe e oe) cee: ok oe as ee ee ee 76.3 412.4 
Pitoh resiine~< 2) 2 2 oe ee eee ee Fee a eee 8 79.8 60. 2 
EBS so ae Serr a le an a ne ee ee ee 99, 7 99. 5 














5 Turbid. 

6 Four-fifths solid. 

7 One-fourth solid. 

8 Fairly glossy; brittle. 


1 Refined coal tar. 

2 Refined water-gas tar. 

3 From leaky coils in tank car. 
4 Clear. 


BRADLEY LANE RECONSTRUCTED IN 1915 


The work consisted of installing an artificial drainage 
system for removing the free water and the construc- 
tion of a bituminous penetration macadam wearing 
surface. As shown by Figure 2, the new pavement 
was made 161% feet wide throughout the eastern portion 
of the road (2,404 feet) and 15 feet wide throughout 
the western portion (1,409.5 feet). 

Considerable effort was made to secure better 
drainage by increasing the stability of the foundation. 
A French drain with 4-inch tile was placed at a depth 
of approximately 2 feet, 11144 feet from the center of 
the road on the south side, for a distance of 3,646 feet. 
All existing culverts were cleaned out, and, where 
necessary, the inlets and outlets paved with spalls. 
The two catch basins, which were deemed inadequate, 
were reconstructed and enlarged and were supple- 
mented by the addition of two new ones at other 


points. Figure 1 shows the plan of the drainage 
structures upon completion of the work done in 1915. 

Prior to constructing the new wearing course, the 
old surface-treated road was scarified, reshaped, and 
widened by the addition of new material to form the 
foundation course for the new surface. 

After the foundation course was thoroughly com- 
pacted by rolling, the new wearing surface was con- 
structed. With the exception of a 200-foot section, 
the new wearing surface consisted of a 3-inch layer of 
limestone (loose measure) constructed as an ordinary 
penetration macadam. One and one-half gallons of oil 
asphalt per square yard was applied to the compacted 
limestone surface after which screenings were spread 
and the surface rolled. A seal coat of approximately 
one-half gallon per square yard of the same bituminous 
material and limestone chips was added. 

In the construction of the 200-foot section referred 
to (stations 19 to 21), it was decided to deviate from 
the straight penetration method by adding sand to 
the hot oil and applying it as a grout. The section 
was divided into two parts, one containing 50 per cent 
of sand by volume in the mix and the other 33 per 
cent. Some difficulty was encountered in obtaining a 
uniform mixture of sand and oil and also in obtaining 
proper penetration of the grout. The amount of 
bitumen used was 1.83 gallons per square yard and 
the shght saving in bituminous material was less than 
the cost of heating and mixing the materials. During 
the year following construction no distinction was 
apparent either in appearance or behavior between 
this section and the plain penetration macadam. In 
subsequent maintenance the whole project has been 
considered as a single experiment, no account being 
taken of the variation in construction. 

The same bituminous material was used throughout 
the experiment, the analysis of which is given in Table 3. 
The cost of construction, exclusive of the wearing 
course was 27.6 cents per square yard. The wearing 
surface cost 32.84 cents per square yard for the straight 
penetration and 39.42 cents for the sand-oil grout 
method. 

The top dressing of limestone chips rapidly: ground 
up under traffic, leaving the wearing course stone 
visible over the entire road. In July, 1916, it was given 
a surface treatment of residual asphaltic petroleum, 
the characteristics of which are given in Table 4. The 
oil was applied at the rate of 0.195 gallon per square 
yard and covered with a hard, waterworn, river gravel 
five-eighths inch in size. The cost of this treatment was 
7.29 cents per square yard. 

In the spring of 1917 the surface was in excellent 
condition. No distinction was apparent either in 


TABLE 3.—Analysis of the oil asphalt 4 wsed in the penetration 
macadam experiment of 1915 


Specific wravity: Z5°725° Geese ee eee eee eee 1. 024 
Melting point: ( G.): 7-2 ses Se eee se eee 50 
Penetration, 25° C;,.100 @m.; & secandsi.. = =. a ee 105 
Loss at 163° C., 5 hours, 20 grams (per cent)... __-_--- 0. 19 
Penetration of residic $52... <oeSoaco ues oo eee 64 
Bitumen insoluble in 86° B. naphtha (per cent)____----- 25. 77 
Rixéd Carbo (per tenth 24 tae a eee ee 15. 74 
Soluble in carbon disulphide (per cent)___--.___-_------- 99. 70 
Organic matter insoluble (per cent)_..........-------- 18 
Inorganic matter insoluble (per cent).___._..-.-.------- 12 


4 Fairly hard, glossy, sticky semisolid. 
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TABLE 4.—Analyses of residual asphaltic petroleums used in 
surface treating Bradley Lane 




















1916 1919 1924 
ree DLR VAC Yo fae es 2 ee Se bt 0.993 | 0.988 1. 006 
Specific viscosity, Engler, 50 c. c., 100° C_...-_.._.-._____. 13.5; 16.0 53.4 
SPAS, DORE, TAR Cs CRI 8 an aren ead ctince cane Behan A i OR a 
PONE, WENN y Kode See TIN a a a eee neste auitliond 54 355 
DF MARE IT IAN Oli NR Ps cg Stn aah edt oro SEe aee abet ae Pc aids a 64 210 
Loss, 163° C,, 5 hours, 20 grams, per cent_.__.._.___..____- 17.31 a 0. 52 
Float test on residue, 50° C. seconds__._...-_.__.____-- a 151 175 129 
Bitumen insoluble in 86° B. naphtha, per cent.___.______- 18. 63 17.5 19. 2 
DPE GE, CHAE PRUE RD PTR es oc eet re th acne SE ee cs 31S), UP ee 
Soluble in carbon disulphide, per cent_...________________. 99.89 | 99.90 99, 90 
Organic matter insoluble, per cent..........-...-.-.---__- . 08 .10 . 10 
Inorganic matter insoluble, per cent___....-_.-._._._.____- . 03 . 00 . 00 














PRESENT CONDITION OF BRADLEY LANE. 


appearance or wear between the plain penetration 
macadam and the sand-oil grouted sections. The 
maintenance cost for 1917 was 0.2 cents per square 
yard and for 1918 was 1.02 cents. The maintenance 
work consisted in strengthening and repairing the 
surface in local places, using a coal-tar product and 
stone. 


In 1919 the roadway was given a surface treatment 
of hot residual asphaltic petroleum applied at the rate 
of 0.248 gallon per square yard and covered with 
Y-inch stone chips. 


In spite of a large increase in traffic, the maintenance 
costs remained relatively low, being 0.38, 1.99, and 0.83 
cents per square yard for the years 1920, 1921, and 
1922, respectively. The average number of vehicles 
passing over the road daily had increased to such an 
extent that it became necessary to provide a wider 
surface, which was done in 1923. 


ROADWAY WIDENED IN 1923 


In 1923 the roadway was widened to approximately 
21 feet throughout its length by the construction of a 


concrete shoulder along the south edge 4% feet wide 
and approximately 8 inches thick. The shoulder was 
built to a new grade which was adjusted to allow for a 
layer of bituminous concrete on the old surface and a 
reduced crown. ‘The layerof bituminous concrete varied 
from one-half inch to as much as 2% inches in thick- 
ness, due to the variation in the crown and grade of the 
macadam. The new bituminous surface had a rough and 
nonuniform appearance, which was eliminated in 1924 by 
applying a surface treatment consisting of 0.258 gallon 
per square yard of hot oH asphalt and 34-incb stone. 

The surface has since continued to remain in good 
condition generally. The maintenance has consisted 
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THE DRAINAGE ON THE LEFT IS TOWARD THE ROAD SURFACE 


only of light patching, no surface treatments having 
been required since 1924. Figure 3 shows the average 
daily traffic passing over the road during the years 
1915 to 1922, inclusive, and for 1927, together with the 
accumulated annual cost of maintenance. The low 
maintenance cost during the last few years is remark- 
able in view of the large increase in traffic. The aver- 
age number of vehicles increased from 279 in 1915 to 
1,048 in 1922 and to 3,139 in 1927. During the years 
1916 to 1922, when the pavement was only 16% feet 
wide, the average annual maintenance cost per mile 
per average daily vehicle was approximately 51 cents, 
while during the years 1924 to 1927 the corresponding 
cost for a 21-foot width was only 35 cents. The annual 
maintenance cost per daily vehicle mile for the years 
1916 to 1928 is given in Table 5 and Table 6 gives the 
cost and description of the work done. 

In considering these costs it should be remembered 
that prices for labor and materials increased greatly, 
resulting in a greatly decreased purchasing power of the 
dollar, during the period covered by this report. The 
costs for the later years therefore are not directly com- 
parable to those of the earlier years. 
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The traffic in 1927 was ten times that of 1915 and it 
will probably continue to increase in the future. The 
present condition of the macadam is generally good 
except for a few places were slight settlement has 
occurred. How long the macadam, which up to this 
time has proved sufficiently stable to overcome lack of 
drainage, will continue to support further increased 
traffic can not be estimated. However, in view of the 
present condition of the road it 1s reasonable to expect 
that under existing conditions it will continue indefi- 
nitely to give good service at a moderate maintenance 
cost. The present condition of the road is shown by 
the illustrations. 
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ACCUMULATED COST OF SURFACE MAINTENANCE - CENTS PER SQUARE YARD 
a 
So 
=> 
AVERAGE DAILY TRAFFIC - NUMBER OF VEHIGLES 
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YEAR 


Figure 3.—RELATION BETWEEN TRAFFIC AND SURFACE 
MAINTENANCE Cost ON BRADLEY LANE 


TABLE 5.—Average annual maintenance cost per vehicle-mile 











Mainte- Annual 
nance | Average | cost per 
Year Area cost per daily daily 
square traffic vehicle 
yard mile | 
Sq. yds. Cenis 
AGS. rie 4 dw aede nt ont eeameeeerdade eee sl, DAS pS aeei obvi a nie oab ae tinea cece 
1 a SR te ee Se Ce, oe 6, 788 7. 29 485 $1. 415 
| |) ¢ oY en Se Te ny ee 6, 788 . 20 550 . 034 
TOG fs Shot nen cei ARE Se eG w ae 6, 788 1. 02 615 . 156 
O99 2 So oe ee ee ee 6, 788 15. 38 615 2. 353 
7. Ve eed ee Se eer 6, 788 . 38 750 048 
| fd en SS See Ee ee 6, 788 1. 99 910 205 
WRG 6 Fs oo ee ee ee bee ee ee 6, 788 . 83 1, 048 074 
| | 2 es cee ne eS Le ee 9): Mo bees aorics see sates eeceee 
DOE on oe os eee 8, 678 21. 96 31, 900 1. 382 
Le) oe ee YEN. eS 8, 678 3. 44 32,300 179 
1h 2. a a, RE ee, Se ee 8, 678 3. 16 3 2,750 138 
OT oo are cd ce eens Se ees 8, 678 1. 05 3, 139 040 





1 Average annual cost per daily vehicle mile for years 1916 to 1922, inclusive, $0.513; 
for years 1924 to 1927, inclusive, $0.351. 

1 Reconstruction. 

3 Estimated. 


STUDY MADE TO DETERMINE EFFECT OF SUBGRADE VARIABLES 


In making a subgrade study during the fall of 1927 
holes were cut through the pavement at points near 
each edge and at the center every 250 feet. The thick- 
ness of the pavement as thus obtained is given in Table 
7 and Figure 4. At the center it ranged from 7 to 14 
inches in thickness with an average of 10.9 inches. On 
the south side, where heavy patching was made follow- 
ing the construction of the concrete shoulder in 1923, 


TaBLE 6.—Description and cost of work done on Bradley Lane 
from 1915 to January, 1928 
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yds. | Cents Cents| Cents; Cents| Cents 
1D16 .1°6, FSi 2 GON TA ne wae erase oe ee eae ee ae ean ie tae 60. 74 
1916...) 6.783)..4 ou Residual asphaltic pe- | Pea gravel_.-| 7. 29).----- 7. 29) 68.03 
troleum, 0.195 gallon 
per square yard. 
1917 221 6, 786) 2 ae ae ee A ee bee te eae ee 0.20; .20) 68.23 
1913 -\ G7 Oe t n e k Se aS ee ees Do ee Sees 1.02} 1.02) 69. 25 
1919__| 6, 788|___.___ Residual asphaltic pe- | 44-inch stone| 14.76} .62) 15.38) 84.63 
troleum, 0.248 gallon 
per square yard. 
1920) 6.28815 Joo on aes ne Sree eet ea alien dat oo ee . 38 38) 85. 01 
CS >) Ne EL Sey OE ee | et ee SE fo |” 1.99} 1.99) 87.00 
1922_. é te a ees an Sea alte hha Boots cee 2 tn ng eee Oe ee . 83 83] 87. 83 
88] 2 44. 13 
1923__|{* 890 3 403.68 \ a Nag ha a ha ra) Od mt Nh hh tl Na Na Na He i tls 210. 27 
1924_.| 8, 678)______- Oil asphalt (hot), 0.258 | 84-inch stone| 10. 60) 11. 36; 21. 96)232. 23 
gallon per square 
yard. 
1925...) 3,678) 0c A Wes eee OP or a ee ee ee ee 3.44 3. 44/235. 67 
1926. SOOT Sl i. wk clcten eee os STA) Seren ieee See 3.16) 3. 16/238. 83 
19272] SBT 8h cen Seed nn bbe wa ee en, onl oe eee 1.06; 1. 06)239. 89 





1 Widening pavement from approximately 10 feet to 1614 feet and surfacing as pen- 
etration macadam. 

2 Heavy patching on original surface required to bring the grade to that of the con- 
crete shoulder. 

3 Constructing concrete shoulder approximately 41% feet wide on the south side. 


TABLE 7.—Pavement thickness and classification of soil samples! 


| Worth side South side- = 
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Stati 3 = c a 
ation | *.. = a Seo ~ ter 
eal © MSs Sel pe sec ee hon, 2 wae 
=A Field mois- | 3°. a Field mois- | 3"- g 4 Field mois- 3‘o 
5 ture content |S 5 3 ture content |S 5 3 ture content |S 5 
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pu a = qq) AY A 00 
Inches Inches! Inches 

0+50..-| 12 | Wet®4_._._- 200 12 Wot! 2... es 12] Wet?4:....- 4 
3+50...| 10%4}__.-- 1 i EE ol) eee do.34....| 4] 134] Rocky 3..... 4 
+00..-| 1 Rocky 5__-_-- 3 | 14 | Rocky 5_.__- beost 28 yore Noss sieass 
8-41-60. 1] 42 i Wete_.3. 2) 4 9 | Nosamiple..i-...| 22 4 Wets..7-2 5 
11+00_.} 11 | Plastic____-- Soa | oy ee OG si. sce BoeS 1S | ‘oh wae a 1 Se i 4 
134-B0 4 Vad" Wee ee 4| 124!____ WO tace.femeate oe waleeeee do cee, | 2 
16+00..| 8%} Plastic_____- 6 934’ ....- ol Veenl pee) PRS tee es ce 6 
18--60_2) 947, AU Wetee a 4) 1134t.._.-. O0-csesn ees Pe bP hy roa a Oe Ok 4 
21+00._| 12%) Plastic_____- a) SPA oe doe: 2. ee ee) eee Oh des os, 4 
23+50__| 10 Py te Le Zo) ABs a Ve ee be eS Wets.. ese 4 
26-+-10..| 10.) Plastic.__... SEOSE: Meee a ee aucet 10) oP lgetien. 4 
2S) 7k Wette 4) ll — ee Sven!) ESCH WALE rowan: 4 
31+00..| 84)----- af ewe oe 2 Oe) a ee GG pacie) Heo ae 4 
33+50__| 12M4|_.__- Ga:t al 411s Woke Fae, bast yh CPN Road O65 4 
6+00 Re tee BO% 4 4 i ae 1; aD ee Pe Cees ot) hee 1 
37+97_.| 814) Wet__-.___-- 4 814 __..- G0sdguec- ~==-] 10% Rocky..-....) 4 














1 Unless otherwise indicated, soil samples were taken on the earth shoulder just 
outside the pavement slab. 

2 Obtained by cutting through pavement slab. 

3 Sampled from holes through pavement slab. 

4 Micaceous. 

5 Unable to get sample. 


the thickness varied from 8 to 15 inches and averaged 
12.5 inches. On the north side it was slightly less than 
that of the center, varying from 7 to 13 and averaging 
10.2 inches. These depths do not include such granular 
material as was found to have been worked into the 
subgrade soil. In some cases, even to depths of 1 foot 
below the pavement, stone fragments of 3-inch maxi- 
mum size were found to be present in amounts sufficient 
to resist the penetration of both the auger used for 
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“efrtocarios AND LABORATORY GROUPING OF SOIL TREATED THICKNESS "35 PEERS (2 PAVEMENT THICKNESS 
SAMPLES. TREATED UNTREATED 


Figure 4.—Cross Sections or BRADLEY, LANE SHOWING, PAVEMENT THICKNESS AND LOCATION OF SOIL SAMPLES 
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securing soil samples and a crowbar. The thickness of 
the bituminous wearing surface was found to be quite 
uniform, averaging 4.4 inches in depth. 

The drainage on this road has been bad throughout 
most of the period covered by the experiments. The 
improvements in drainage made in 1915 were of tem- 
porary value only, as the gradual building up of the 
adjacent property resulted in a decided change in 
topography. Not only was the artificial drainage 
affected but the natural drainage as well. The road 
surface, which formerly had some natural drainage, 
now serves to a large extent as a drain for the adjoining 
area. 

The south side of the road lies in a cut throughout its 
length except for a short distance. In building the 
concrete shoulder the cut was not widened, with the 
result that the south edge of the pavement extends to 
the toe of the slope eliminating the shoulder ditch. 
Surface water, which formerly was drained away from 
the edge of the pavement, now flows directly to it. 
The French drain, which les almost directly under 
the edge of the pavement, slowly carried off the water, 
which no doubt affects the support of the subgrade 
near the edge. On the north side of the roadway the 





PRESENT CONDITION OF BRADLEY LANE AT A PoInNt WHERE 
DRAINAGE IS TOWARD THE ROAD FROM BOTH SIDES 


sidewalk, which is a trifle higher than the surface, forms 
a curb with the macadam surface as a gutter. Due 
to the comparatively flat grade, water stands in this 
cutter for some time after a rain. Although a few 
depressions have occurred on this side, caused no doubt 
by the seepage of some of this water into the founda- 
tion, there is little evidence to indicate that the presence 
of free water is seriously jeopardizing the life of the 
pavement. A comparison of Table 7 and Figure 4 
shows no relation between the slab thickness and the 
apparent maintenance and drainage conditions. 

Soil samples were taken from the test holes at the 
center and side of the road at stations 0 +50 and 3+ 50 
and at the other 250-foot intervals they were taken 
only from holes just beyond the edge of the pavment 
on each side. The samples were taken along the sides 
of the road because the incorporation of stone frag- 
ments in the subgrade under the pavement made 
sampling at these locations, except as noted, im- 
practical. Such small amounts of soil as were obtained, 


however, from the subgrade under the pavement were 
found to be similar to that obtained from either one 
side or both at the same station. As the samples were 
taken the field moisture content was determined and 
from this information they were grouped roughly into 
three classes, wet, plastic, or dry. The data obtained 
are given in Figure 4 and Table 7. 

Observations made at the time the samples were 
taken revealed two phases of fine silty loam, one 
highly micaceous and the other only slightly so. The 
former was found to occur principally between stations 
0 and 8 and in the vicinity of station 35. The soil 
ranges from a dark gray to a greenish-gray. The 
slightly micaceous soil was a reddish brown and, in 
place, gave the appearance of lack of supporting value 


when wet. Below 2 feet, the soil grades into a red 
clay subsoil. Typical analyses of the soils are given 
in Table 8. 


TABLE 8.—Typical analyses of subgrade soils 
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equivalent metric 
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According to this table the subgrade souls vary widely 
with respect to affinity for moisture, range of plas- 
ticity, and volumetric shrinkage. Comparing the 
centrifuge moisture equivalent with the shrinkage 
limit values, one sees that the Group 1 soils gave up 
their moisture most readily, retaining after centrifuging 
less than half the moisture contained at the shrinkage 
limit where the soil has its minimum volume. The 
soils of Group 3 gave up moisture readily but not to the 
same extent as those of Group 1. The soils of the other 
groups in contrast failed to give up moisture so readily. 
A centrifugal force of one thousand times gravity failed 
not only to reduce the moisture content to the shrink- 
age limit but also to the lower plastic limit, above which 
the supporting properties of soils rapidly decrease. The 
variation in the plasticity index indicates a variation in 
the clay content of the soils. Accepting the lineal 
shrinkage values of 3 and 5 as the boundaries between 
low and medium and medium and high shrinkage, 
respectively, the volumetric shrinkages shown in 
Table 8, translated into terms of lineal shrinkage,° 
show the soils of Groups 1 and 3 to have low shrinkage, 
those of Groups 2 and 4 to have medium shrinkage, and 
those of Groups 5 and 6 to have high shrinkage prop- 
erties. 

In addition to the differences just discussed, the test 
results in Table 8 show the soils of Groups 1, 3, and 6, 
to be sufficiently spongy to interfere with the proper 
compaction of a water-bound macadam pavement 01 
base and their efficiency after construction. This 
sponginess is indicated in slightly different ways, de- 








5 Lineal shrinkage values of 3 and 5 correspond to volumetric shrinkage values of 
10 and 18, respectively. 
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pending upon the soil. For instance, according to the 
test results, the Group 1 soils consist of fine sand or 
coarse silt containing an appreeiable percentage of 
coarse, flat flakes. The plasticity index of zero and the 
low moisture equivalent of 14, both show the absence 
of clay. The presence of flat particles only can explain 
the relatively high field moisture equivalent of 32 and 
lower liquid limit of 36 in the absence of fine silt or clay 
particles. This is substantiated by the high shrinkage 
limit of 29, since a round-grained sand only in its loosest 
possible state could have a void volume represented by 
this percentage of moisture content. This type of soil 
is spongy when either wet or dry. 

According to the test results, the soils of Groups 5 and 
6 are fine micaceous silts or coarse clays. Those of 
Group 6 contain a larger percentage of small flat 
particles than those of Group 5. The high plasticity 
indices of 20 and 21 indicate the absence of coarse 
particles. The relatively low centrifuge moisture 
equivalent of 32 of the Group 5 soils compared with 
the high liquid limit of 48 indicates the absence of very 


fine clay particles (less than about 0.002 millimeter). ° 


The higher centrifuge moisture equivalent of the 
soils of Group 6 as compared with that of Group 5 
soils could be explained by higher clay content, substitu- 
tion of fine for coarse clay particles, or presence of 
more flat particles. Of these three possibilities, the 
first is excluded by absence of increase in the plasticity 
index; the second is excluded because only the presence 
of flat particles can cause the field moisture equivalent 
to increase at a faster rate than the centrifuge moisture 
equivalent. Furthermore, these flat particles must be 
relatively small (less than about 0.10 millimeter), 
otherwise the plasticity index would be appreciably 
reduced. An increase in the percentage of flat particles 
sufficient to cause the field moisture equivalent to 
increase from 35 to 45 while the plasticity index remains 
unchanged, is sufficient to increase very much the 
spongy properties of the subgrade soli. 

The predominating soil type (Group 4) is a silt loam 
containing a small percentage of both clay and mica. 
Soils of this type are not as spongy as those of Groups 1, 
3, and 6, nor quite as firm as the soils of Group 5. 


SUBGRADE VARIABLES FOUND TO BE LARGELY ELIMINATED BY 
STAGE CONSTRUCTION 

The extent to which water capacity, plasticity, and 
shrinkage of soils exert an influence on subgrade 
behavoir depends upon field conditions. Spongy 
support, in contrast, is dependent upon the presence 
of certain raw materials, irrespective of field conditions. 

Notwithstanding these wide differences in subgrade 
soil properties, Tables 7 and 9 show that but little 
relationship exists between slab thickness and _ soil 
characteristics. The slab thickness over the soils of 
Group 4, which was the predominating soil group, 
varied from 7 to 12% inches. The slab thickness 
over Group 6, the soils having the highest shrinkage 
properties, was less than 10 inches, while that over 
Group 1, the soils having the lowest shrinkage prop- 
erties, was above 12 inches. 

It is more difficult to work the spongy properties out 
of soils containing little or no clay (Groups 1 and 3) 
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than out of one which contains an appreciable amount 
of clay (Group 6), and this fact seems to be reflected 
by the road thickness of 12 inches on Groups 1 and 3 
soils shown in Table 9. Except for tbis hmited in- 
dication, unfavorable subgrade conditions seem to have 
been generally eliminated by the incorporation of 
coarse granular material during the early progressive 
construction of the pavement under traffic. 

This is not true of the narrow strip along the north 
edge which was not progressively constructed as was the 
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ONE OF THE Worst CoNDITIONS OF SURFACE ON BRADLEY 
LANE AT THE PRESENT TIME 


cental portion. Evidently the subgrade has not been 
so well stabilized since the greater part of the patrol 
maintenance required on the road is confined to this 
area. 

In comparing the unsatisfactory behavior of the sur- 
face treatments prior to 1915 with the entirely success- 
ful ones subsequent to that year, it is evident that the 
factors which at that time were considered as the 
principal causes of failure were only contributing factors 
and that the method of treatment was primarily re- 
sponsible for their failure. 

From past experiences it is a well-established fact 
that a prerequisite to a successful surface treatment of 
the mat type is a stable, well-bonded surface to which 
the applied treatment will readily adhere. ‘To insure 
adherence of the mat an intermediary application of 
bituminous material, which will penetrate appreciably, 
should ordinarily precede the application of the heavier 
mat-forming material. In the case of the treatments 





6 There are many examples where surface treatments have been successfully applied 
without a primer coat. These treatments have been on clean, well-bonded surfaces 
containing relatively large aggregate. 
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QUALITIES REQUIRED IN PAVING CONCRETE’ 


By F. H. JACKSON, Senior Engineer of Tests, United States Bureau of Public Roads 


A concrete pavement, from a structural standpoint, 
consists of a series of flat slabs several feet in width, 
only a few inches in thickness, and of indefinite length, 
resting upon a support of more or less uncertain char- 
acter. It is subjected not only to traffic loads of 
greatly varying intensity but also to the stresses and 
weathering effects produced by wide ranges in temper- 
ature and moisture conditions. Few concrete struc- 
tures are subjected to such a variety of destructive 
forces. In order, therefore, to afford the greatest 
possible resistance to all such forces the utmost efforts 
to obtain the best possible product are justified. That 
so many of the concrete pavements built years ago are 
still carrying traffic with a reasonable maintenance cost 
is a tribute to the inherent worth of concrete as a 
paving material. That so many built within recent 
years have failed to measure up to the high standard 
of service required of them should serve as a warning 
that the best engineering control of design and con- 
struction is necessary if satisfactory results are to be 
obtained. 


DESTRUCTIVE AGENCIES CONTINUALLY AT WORK 


The destructive forces that are continually at work 
upon concrete pavements may be divided into two 
general classes—those due to natural causes, such as 
variation in temperature, moisture, etc., and those due 
to traffic loads. 

The natural forces produce direct tensile and com- 
pressive stresses and a number of complex stresses or 
“weathering effects,” which sometimes cause partial or 
complete disintegration. It is to resist these latter 
disintegrating forces that we strive to produce what 
we term durable concrete. The direct stresses that 
result from natural causes are commonly produced by 
the resistance offered by the subgrade to the free ex- 
pansion or contraction of the concrete slab. They may 
be induced either by changes in temperature or moisture 
content, or both. They are present practically from 
the moment the pavement is laid and they continue 
throughout its existence. 

To combat these natural forces concrete should pos- 
sess high resistance to both compression and tension. 
Resistance to compression has, at all times, been con- 
sidered an important property and for many types of 
structures it has been deemed the most, if not the only, 
essential property. However, in the case of pavements, 
tensile strength is fully as important and perhaps of 
greater importance. For it is by tensile stress that 
transverse cracks are formed early in the life of the 
pavement; and in spite of many opinions to the con- 
trary, a crack in a concrete pavement must be con- 
sidered as a structural defect. This is particularly true 
of unreinforced pavements in which an open crack is, 
in effect, an unsupported edge and, as such, for a given 
thickness of concrete, becomes the weakest part of the 
structure. 


1 Paper presented under the title Special Characteristics of Concrete for Pave- 
ments at annual] meeting of American Concrete Institute, Chicago, I}!]., Feb. 12 to 14. 
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It has been shown ? that a direct relation exists be- 
tween the tensile strength of the concrete and the 
amount of transverse cracking which will take place in 
a pavement slab. Other things being equal, the spacing 
of the transverse contraction cracks will be directly 
proportional to the tensile strength of the concrete at 
the time contraction begins. 

Much could be written regarding the necessity for 
continued and adequate curing of concrete in order that 
its tensile strength may be built up before the pave- 
ment is allowed to dry out and tensile stresses are in- 
duced which will tend to crack it. The discussion 
here will be limited to pointing out that thorough 
curing, especially during the period immediately follow- » 
ing the casting of the slab, should tend to reduce the 
number of contraction cracks, especially those surface 
eracks or checks induced by the drying out of the 
surface of the concrete at a greater rate than the mass. 


Frequent repetition of stress, whether caused by 
natural forces or traffic loads, is known to produce 
fatigue effects; and it is also known that under sus- 
tained load or force, concrete is capable of a certain 
flow by which the stress is relieved. These phenomena 
are as yet not well understood and require much 
further investigation. 


As the result of research work by the Portland Ce- 
ment Association and other organizations, the water- 
cement ratio law governing the strength of concrete 
has been established. The writer believes that this 
principle, when correctly applied, affords the simplest 
and most practical method yet devised for designing 
concrete mixtures for a given strength. But, simply 
because the average of many thousands of tests shows 
that a certain crushing strength may be obtained with 
a given water-cement ratio, it may not be assumed 
that the water-cement-ratio theory is an adequate 
basis of design for paving concrete. 

As previously stated, crushing strength is not the 
most important property of paving concrete. Tensile 
strength and flexural strength are more important; 
and we are not at all sure that the water-cement ratio 
is the most important factor in controlling these prop- 
erties. 

Experiments by the Bureau of Public Roads * and 
other organizations have shown that the strength of 
concrete in tension is affected to a much greater degree 
than the compressive strength, by the character of 
the aggregates employed. However, these experiments 
indicate that for a given combination of aggregates 
and cement, the water-cement ratio governs the tensile 
and flexural strength as closely as it governs the com- 
pressive strength. The best solution is believed to be 
the so-called trial method of proportioning which was 
described in a recent issue of Pusiic Roaps.* 





2A. T. Goldbeck, Pus1ic Roaps, August, 1925, The Interrelation of Longitudinal 
Steel and Transverse Cracks in Concrete Roads. ‘ 

3 Comparative Tests of Crushed Stone and Gravel Concrete in New Jersey, F. i. 
Jackson, U. S. Bureau of Public Roads, Pusiic Roaps, February, 1928. 

¢ The Design of Pavement Concrete by the Water Cement Ratio Method, reported 
by F. H. Jackson, Bureau of Public Roads, Pubic RoapDs, August, 1928. 
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SOUND AGGREGATE REQUIRED TO PREVENT WEATHERING 


The slowly acting but continued destructive effects 
of weathering and frost action on concrete pavements, 
though admittedly of great importance, are still but 
slightly understood. We speak somewhat vaguely of 
“durability”? as essential in all classes of concrete 
exposed to the weather or to corrosive action of any 
sort, but we are not nearly so certain as yet of the 
factors which affect durability as we are of those which 
affect strength. The question arises: Is strength a 
measure of durability, and if not what factors affect 
durability which do not affect strength? In an effort 
to throw light on this subject, alternate freezing and 
thawing tests of concrete are being conducted in a 
number of laboratories. These tests indicate that 
unsound aggregates invariably produce unsound con- 
crete; but there are certain types of unsound agegre- 
gates which appear to produce concrete of satisfactory 
strength though stil unsound. 

In general, however, the factors which affect du- 
rability also appear to affect strength. This applies 
particularly to the amount of mixing water used; 
and it may be definitely stated that, given sound aggre- 
gates, the best insurance against frost action and weath- 
ering effects appears in general to be the use of as low 
a water-cement ratio as is consistent with the require- 
ments of workability. 

Such materials as shale and certain varieties of 
flint occurring either in the fine or coarse aggregate, 
must be avoided if sound concrete is to be obtained. 
It is surprising, however, what a wide variety of ag- 
gregate types may be used to produce durable, sound 
concrete, provided the latter is properly designed and 
fabricated. It seems safe to say that any aggregate 
which will pass the sodium sulphate soundness test ° 
wil contribute to satisfactory durability in concrete 
which is otherwise of good quality. Conversely, 
failure in this test should subject the aggregate to 
suspicion until a thorough field investigation at the 
source has convinced the engineer that it is a safe 
material to use. Control of aggregates, however, 
will go for naught unless proper care is exercised in 
fabrication, and it is the failure of the field man to 
recognize one or more of the fundamental principles 
of good concrete construction that accounts, in the 
author’s opinion, for most of the failures which we 
are apt to attribute to lack of durability. 


SCALING LARGELY DUE TO POROUS MORTAR ON SURFACE 


Surface scaling is not well understood, although there 
is considerable evidence to indicate that it is almost 
entirely the result of frost action. That scaling js 
not observed in the South, but is confined entirely 
to the Northern States substantiates this view. It 
has been possible to simulate the surface scaling of 
concrete as observed in service by subjecting laboratory 
specimens to alternate freezing and thawing. Surface 
disintegration almost always begins on the top of the 
specimen, and is probably due to the inability of the 
relatively weak, porous mortar surface to resist dis- 
integration to the same extent as the mass of the 
_ comerete. 

If this view of the case is correct, it indicates that 
effort should be made to prevent the formation of 
such a porous mortar top on the surface of the pave- 
ment to minimize the danger of scaling. The use of 





§ U.S. Dept. Agri. Bul. 1216, rev. p. 20. 








a stiff concrete, just sufficiently plastic to settle into 
place without tamping; the use of a fine aggregate 
containing as little silt or other fine material as possible; 
and the removal of the thin surface with lutes just 
prior to final finishing; these measures should go far 
toward preventing this type of destructive action. 

Surface scaling followed by disintegration may 
sometimes be due to the use of unsound aggregates, 
but 1t appears that failures from this cause are more 
or less local and do not compare in extent to the 
scaling which may be attributed to the presence of a 
porous mortar top. 
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AN EXAMPLE OF SURFACE SCALING 


EFFECT OF TRAFFIC LOADS CONSIDERED 


The major stresses in concrete pavement are un- 
doubtedly the bending stresses produced by traflic 
loads, applied either statically or with impact. In 
general, these stresses are a maximum along the edges 
and at the corners of the slabs. Much work has been 
done in establishing the most economic pavement cross 
section for uniform slab strength. It is not the pur- 
pose of this paper to discuss slab design, but 1t may be 
well to point out that the adequacy of the design de- 
pends entirely upon how closely the strength of the 
concrete as actually placed conforms to the strength 
assumed in the design. In all formulas for pavement 
slab design a unit flexural strength of about 300 pounds 
per square inch is ordinanly assumed, and the thickness 
of slab necessary to carry a given maximum wheel 
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load is calculated on this basis. For a factor of safety 
of two, this requires the design of a concrete mixture 
having a modulus of rupture at 28 days of 600 pounds 
per square inch, which is equivalent to a crushing 
strength of about 3,000 pounds per square inch. 

It has been stated that the water-cement ratio prin- 
ciple may be used to design concrete of a given flexural 
strength, provided it is recognized at the outset that 
such factors as angularity and surface texture of avere- 
gates affect the flexural strength to a greater extent 
than they affect the compressive strength. Tests are 
now being made by the Bureau of Public Roads, in 
which 17 ty pical varieties of coarse aggregates including 
trap, limestone, granite, calcareous and siliceous grav- 
els and blast furnace slags are being investigated. They 
show that fora given mix, grading, and water-cement 
ratio, the maximum variation from the average flexural 
strength of concrete made with these avoregates is 25 
per cent. An illustration from one of the four mixes 
employed in the investigation may be cited. 

The flexural strength (modulus of rupture) of a field, 
volumetric 1:2:3 mix, using a fixed consistency and 
with the water-cement ratio falling within a total range 
of 0.05, varied from 530 pounds per square inch to 
650 pounds per square inch at 28 days, due entirely to 
the kind of coarse aggregate employed. This difference 
in strength is equivalent to that which would result 
from a change in the water-cement ratio of 0.15, a va- 
riation which should cer tainly not be ignored in applying 
the water-cement ratio law. ‘The change in flexural 
strength was not accompanied by any significant differ- 
ence in crushing strength, indicating that even quite 
wide variation in the character of the coarse aggregate 
had no appreciable effect upon compressive strength for 
a given water-cement ratio. This point is emphasized 
to “show that in designing pavement concrete mixtures, 
other factors besides water content must be considered. 


SURFACE WEAR NOT A CRITICAL FACTOR 


Many engineers believe that high resistance to wear 
is no longer - important and point to pavements carrying 
heavy traffic which were constructed with relatively 
soft aggregates and which still show the original finish- 
ing marks. On the other hand, the use of steel, non- 
skid chains in winter does produce wear. This is about 
the only destructive agency of this type left ,since the 
steel wagon tire has practically disappeared from our 
highways, except in certain restricted regions. On the 
Ww hole, the writer is inclined to believe that surface wear 
is not a critical factor and that, in general, a concrete 
mixture which has been properly designed as to strength 
and durability will also be satisfactory from the stand- 
point of surface wear. 


QUALITY OF PAVEMENT CONCRETE AFFECTED BY CONSTRUCTION 
METHODS 


Attention has been called to the fact that the quality 
of concrete depends fully as much upon the care used 
in construction as upon the materials employed or the 
proportions established in the design. Satisfactory con- 
struction can. not be secured by the type of engineering 
control which very carefully specifies the quality and 
erading of aggregates to be employed, sets a mix which 
under laboratory conditions will give the desired 
strength, and then employs an incompetent inspector 
on the job. Such inspection is unfair to the contractor, 
as well as to the public, because it often leads to arbi- 
trary and unreasonable interpretation of specifications 
and results in unnecessary delays and increased cost. 





It is believed that there are cases where quality in 
construction is sacrificed in order to increase the pro- 
duction. Maximum efficiency is, of course, much to be 
desired in all construction operations, and studies by the 
bureau have shown that there are many instances where 
production can be increased without sacrifice of quality. 
It must be remembered, however, that mere speed 
should not be permitted to become the controlling 
factor beyond the point where it is possible to maintain 
the highest standards of workmanship. Furthermore, 
no established practice as regards construction should 
be modified for the purpose of increasing production 
without first determining very definitely that the pro- 
posed modification does not adversely affect the quality 
of the finished product. 


We should also be alive to the possibilities of improv- 
ing the quality of our concrete, especially if we can do 
so without increasing cost of production. With this 
thought in mind, the Bureau of Pubhe Roads is now 
actively promoting certain principles in connection with 
production of concrete for pavements which will, we 
believe, result not only in more uniform quality but 
will also tend to reduce the ultimate cost to the public. 
These principles are as follows: 


1. The abandonment of volumetric proportioning of 
aggregates and the adoption of proportioning by 
weight. Inundation will be recognized as a permissible 
alternate method for fine aggregate, but weighing will 
be preferred. 


2. Maintenance of the lowest water-cement ratio 
which, with the type, grading, and proportions of 
aggregate and methods of finishing employed, will pro- 
duce a workable, dense, and uniform concrete. 

3. The scientific grading of coarse aggregate by 
combination of separated sizes in each batch in the 
proportions which will produce the maximum practical 
density. 

4. The abandonment of Haadietonine methods. 

The State specifications previously approved by the 
bureau for Federal-aid concrete pavements provide for 
certain standard proportions of cement and fine and 
coarse aggregate. Asa result of recent tests the bureau 
is now convinced that better and more economical con- 
crete may be produced in some instances by increasing 
the proportion of coarse aggregate previously specified, 
providing the density and uniformity of the mix are not 
impaired. It has, therefore, announced that where 
adequate engineering control is assured, the coarse 
ageregate proportions previously approved may be 
increased if, by combination of separated sizes in 
each batch, a well-graded aggregate is produced and 
the resulting concrete is dense and uniform, workable 
by the methods of finishing employed, and of a quality 
at least equal to that produced by the approved 
standard mix. 


The bureau feels that improvement in uniformity as 
well as increased economy will be accomplished by 
measuring coarse aggregates in two or more separate 
sizes. This practice will insure the maintenance of a 
uniformly low void content in the coarse aggregate and 
make it possible to reduce the amount of mortar below 
that necessary under the present practice where quite 
wide variations in voids occur frequently from batch 
to batch, due to inefficient mixing of sizes at the pro- 
ducing plant or stock pile segregation. The practicabil- 
ity of this procedure has been demonstrated in actual 

(Continued on p. 241) 





CONCRETE IN TENSION 


By A. N. JOHNSON, Dean of Engineering, University of Maryland 


Articles in preceding issues of Pusiic Roaps! have 
reported various phases of the general investigation of 
the strength characteristics of concrete conducted by 
the engineering experiment station of the University of 
Maryland, with the cooperation of the United States 
Bureau of Public Roads and the Maryland State 
Roads Commission. This article presents the results 
of a study of the behavior of concrete when subjected to 
direct tension. Data are given to show the relation 
between the tensile and compressive strength of mortar 
and concrete at various ages, as well as the comparative 
elastic behavior of the materials in both tension and 
compression. 


SPECIAL APPARATUS DEVISED FOR TENSION TESTS 


A special form of test piece was devised for the pur- 
pose of studying concrete in direct tension. This form 
was used to cast specimens with a central section 44% 
inches in diameter and 9 inches long. At each end 
of this secton there was an inverted frustum of a 
cone, making a total length of specimen of nearly 21 
inches. This permitted tension measurements on a 
cross section of the same size as that used in compres 
sion tests. 

The molds were made of brass in two parts and bolted 
together. They were first oiled and then the concrete 
was placed and tamped, the mold at the same time 
being struck with a wooden mallet to insure freedom 
from small air pockets in the concrete. The shape and 
dimensions of the specimen are shown jn Figure 1. 

Two brass pulling heads or grips were provided for 
testing the specimens in tension. One was placed over 
each end of the specimen, leaving an annular space of 
about one-quarter inch between the inside of the pulling 
head and the outside of the specimen. This space was 
filled with molten rosin. 


Rosin was selected after considerable experimenta- 
tion with various materials such as pitch, asphalt, 
plaster, etc. When the rosin reached the proper tem- 
perature it became very fluid and poured readily and it 
was very easy to clean the grips, but little rosin being 
wasted. 

The brass pulling heads were centered by first placing 
a split aluminum cylinder around the shank of the 
specimen and holding it temporarily in place with an 
ordinary wooden clamp (this clamp is not shown in the 
diagram). This aluminum cylinder has a machined 
surface at each end where the brass ends or grips bear 
against it (fig. 1) and it is possible to align the two on 
the same axis. The grips were attached to links, 
arranged to form a universal joint, so that the line of 
force would coincide with the longitudinal geometric 
axis of the specimen. This was readily attained with 
considerable accuracy. 

Rupture occurred usually in the 4'%-inch cylin- 
drical section, although a number of breaks occurred 
at the transition to the conical portion. Most of 
these were on the mortar specimens, the concrete 
specimens usually breaking within the central cylin- 
drical portion. 





1 PUBLIC Roaps, vol. 9, Nos. 7, %, and 9, 1928. 


CRUSHING AND TENSILE STRENGTHS COMPARED 


The first series of tests was to obtain a comparison 
of the strength of mortar and concrete in tension and 
compression. The results are given in Tables 1 and 22 
The results are also shown graphically in Figure 2. 
This series of tests was made in 1925. The mixture for 
the mortar was 1:2 and for the concrete specimens was 
1:2:3, using a crushed limestone with maximum size 
of three-fourths inch. All proportions were by volume. 

The tables and diagrams indicate that the ratio of 
tensile to compressive strength is about the same for 
mortar specimens as for concrete specimens. 
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FIGURE 1.—ARRANGEMENT OF CONCRETE SPECIMEN FOR TENSION 
TESTS 


2 These tables and full details of this series of tests were reported by the writer in 
the Proceedings of the A. S. T. M., vol. 26, Part II (1926), pp. 441-450. 
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FIGURE 2.—RELATION BETWEEN RatTio or TENSILE 
STRENGTH TO COMPRESSIVE STRENGTH AND AGE OF 
CONCRETE 
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FIGURE 3.—A TENSION SPECIMEN IN THE TESTING MACHINE 
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FicgurE 4.—TyYpPpiIcaAL Stress-STRAIN CURVES FOR PORTLAND 
CEMENT MORTAR IN TENSION 


This ratio, which is about 16 to 17 per cent at periods 
of about 30 days, gradually decreases to about 8 per 
cent at 90 days, and remains practically constant at 
this value thereafter. The tensile strength does not 
increase with age in the same proportion as does the 
compressive strength, although beyond a period of 
ninety-odd days the relative increase in tension and 
compressive strength is such as to keep this ratio almost 
constant at about one-twelfth. 
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TABLE 1.—Results of compression tests and tensile tests on cement. 
mortar (mix 1 : 2) 


[Cross section area 16 square inches (approximately). 


























Each result average of 3 











specimens} 
| 

Tensile Tensile 
strength strength 

a ex- 4 a ex- , 

om- | : presse om- A presse 

Age pressive | Tensile. as @ per- Age pressive onsite. as @ per- 
strength STe08t" | centage strength Bb)! centage 

of com- of com- 

pressive pressive 
strength strength 

Lbs. per | Lbs. per Lbs. per | Lbs. per 
S00 tae | SO. ei. sq. in. | 3g. 1n. 

20 days... ..2 2,510 349 14 || 162 days_..-| 6,123 399 if 
47 days__-__- 3, 827 421 114) 16/7 days_..- 6, 750 431 6 
65 days... - 2, 640 442 17 || 173 days-_.-- 7, 133 466 7 
76 days_-.--- 4, 990 434 9 || 184 days.__.| 5, 790 525 9 
85 days.---_- 4, 200 370 9 || 191 days.__.| 6,340 630 10 
137 days. .-- 6, 230 347 6 | 198 days. .-- 5, 420 494 9 
139 days. -_-_- 7, 140 489 7 |; 199 days___- 5, 873 496 8 
14) days_...| 7,183 434 6 || 212 days____| 5,638 541 10 
151 days_._. (50m 488 6 || 253 days-.-- 6, 663 547 8 
156 days___- 7, 220 583 8 || 255 days. ._- 6, 183 505 8 








TABLE 2.—Results of compression tests and tensile tests of cement 
concrete (mix 1:2: 8) 


[Cross section area 16 square inches (approximately). 
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codage--| sage) em Oe 
69 days._.-- 3, 043 360 12 wees) ee 
83 dacs 3" 007 220 7 194 days_..-| 4,667 307 f! 
90 days._... 2’ 503 126 5 196 days....| 2,130 192 9 
140 days__._| 3,353 334 10 || 19% days.---| 2,868 235 8 
ass : 200 days...-|° 2, 503 236 9 
146 days..../ 4, 160 369 9 || 915 days 4, 260 330 8 
154 days....| 4,175 293 7 || S98 q ier 9’ 937 508 5 
159 days...-| 3,310 244 7 pee o-—| | ee 
165 days..--| 3,473 257 7 | Sees --| Gee ne 
172 days._.-| 3, 023 221 7 Il SapeeelN ataes res 7 
181 days....| 1, 847 155 8 aS =e 
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FIGURE 5.—TyYPICAL STRESS-STRAIN CURVES FOR PORTLAND 
CEMENT CONCRETE IN TENSION 


ELASTIC BEHAVIOR OF CONCRETE IN TENSION STUDIED 


Another series of compression and tension tests, 








with both mortar and concrete specimens, was begun in 
1926 and finished in 1928. This series was planned 
primarily to determine the elastic behavior of mortar 
and concrete in both tension and compression under 
comparable conditions. Compression and tension spec- 
imens were made from the same batches of material 
and cured under like conditions. Table 3, which shows 
the test results, 1s arranged to show which specimens 
were made from the same batch. 


February, 1929 


PUBLIC ROADS 











TABLE 3.—Comparison of strength of 1:2 mortar in tension and 


























TABLE 4.—Comparison of strength of 1:2:3 concrete in tension 
and compression 





























compression 
Tension Compression 
— — P Speci- 
ca- odulus of | fica- Modulus of 
tion | Age [Strength] “giasticity | tion | A8e (Strength elasticity 
No. No. 
Lbs. per| Lbs. per Lbs. per| Lbs. per 
Days | sq. in. sq. in Days | sqg.in sq. in. 
144 < 275 2, 900, 000 318 8 2, 370 2, 760, 000 
145 7 275 | 2,740,000 | 319 . | ie eed 
146 7 225 2, 550, 000 320 8 2, 610 2, 860, 000 
147 v4 225 2, 660, 000 321 7 2, 180 2, 730, 000 
148 7 200 2, 500, 000 322 7 Ee) 
149 i 225 2, 700, 000 323 if 2, 420 2, 760, 000 
150 10 250 3, 350, 000 324 10 a 
151 10 300 3, 350, 000 325 10 3, 000 3, 280, 000 
152 10 325 3, 150, 000 326 10 3, 230 3, 280, 000 
153 14 RE Te edie. sae 327 14 3, 175 3, 520, 000 
154 14 245 | 3,200,000 | 328 14 |} 3,540 | 3,520,000 
155 14 180 3, 100, 000 329 14 SEE” || i ai 
159 21 275 3, 120, 000 333 21 3, 300 3, 180, 000 
160 21 285 3, 170, 000 334 21 a 
161 21 S00 ieee 335 21 3, 280 3, 320, 000 
162 21 Bis: | Looe 336 21 2, 500 3, 240, 000 
163 21 140 | 2,600,000 | 337 21 | 2,600 | 3,140,000 
164 21 200 2, 650, 000 338 21 we are 
186 30 325 3, 050, 000 360 30 2, 760 3, 320, 000 
187 30 310 .2, 800, 000 361 30 2 
188 30 Pe Oe” Se 362 30 2, 830 3, 400, 000 
318 558 7 eel | aA 492 562 DPea: Weecanscerss <== 
319 558 BM 2h cae ee eee 493 562 |. 
320 558 2 2 a ae sa 494 562 | |e 
243 595 6: | a eee 486 582 D, a0? esse 5226-2 
244 595 21 | ee 487 582 “| | 
245 595 Co 488 582 A eo a 
228 599 LE a 417 609 Sp Sillece- sss 
229 599 Cr 418 609 BON \ee.o.ceeec-. 2 
230 599 ce | re 419 609 iO, Sel. oe. 
al2 602 450 2, 750, 000 402 605 ie: | ei 
313 602 450 3, 200, 000 403 605 a! (| a a 
314 589 c |: SY a eas 404 605 SRSoD Neo concoue 





















































Elastic measurements in tension were made in the 
same manner as those previously reported for compres- 
sion tests. The mirror extensometer was attached to 
the cylindrical or central portion of the tension speci- 
men and deformations measured over a 4-inch gauge 
length, as in the case of the compression specimens. 
Figure 3 shows a specimen in the testing machine, 
with mirrors in position for testing. It is evident 
that when measuring tension deformations the mirrors 
revolve in opposite directions to those which take place 
when measuring compression deformations. The only 
change to be made is in the position of the scales—that 
is, the one which is read upward for compression is 
read downward for tension. 

Considerable care was exercised in operating the 
testing machine, which was of 100,000 pounds capacity. 
It is probable that accurate results could be obtained 
more readily on a machine of smaller capacity, pro- 
vided there was sufficient head room to carry a 
specimen. 

The results of the elastic measurements on cement 
mortars and concrete in both tension and compression 
are presented in Tables 3 to 5. Table 3 gives a com- 
parison between mortar in tension and compression 
and Table 4 gives similar data for concrete. Table 5 
summarizes the data given in Tables 3 and 4. These 
data show that the modulus of elasticity in tension is 
approximately 90 per cent of the modulus of elasticity 


| 
Tension Compression | 
a 7 ee 
_— — | Speci- | | 
ca- ~ Modulus of | fica- | Modulus of 
tion Age | Strength elasticity tion Age \ionedia elasticity | 
No No. | 
Sah. es 
Lbs. per| Lbs. per | Lbs. per; bs. per | 
Days | sq. in. sq. in. Days | sq. in. sq. in. 
255 if 150 3, 750, 000 429 7 1, 400 3, 720, 000 
256 7 170 2, 950, 000 430 7 1, 445 3, 680, 000 
207 a 160 3, 050, 000 431 if Le en Me 
192 g 200 | 3,450,000 | 366 ae. | 
193 8 |. ——ie 1 SGT 8 1, 435 3, 400, 000 
194 8 215 3, 200,00 | 368 8 1, 470 3, 740, 000 
Peay 14 175 3, 300, 000 405 |; 14 1,680 | 3,800, 000 
232 14 230 | 3,150,000 | 406 : 14 | 1,805..| 3,640,000 
233 14 2.) ee 407 14 i 1) 2 
240 14 175 3, 600, 000 414 14 1, 445 3, 920, 000 
241 14 165 2, 600, 000 415 | 14 1, 420 3, 560, 000 
242 14 185 | 3,050,000 | 416 14 | 1,600 | 3,920,000 
246 yi 185 3, 350, 000 420 21 1,600 | 3,900,000 
247 21 lye 2, 900, 000 421 21 1, 900 4, 400, 000 
248 21 225 | 3,750,000 | 422 21 | 1,830 | 4,400,000 
258 29 225 3, 650, 000 432 : 29 1, 705 3, 680, 000 
259 29 250 3, 800, 000 433 29 1, 900 3, 900, 000 
260 29 22D 4, 050, 000 434 29 1, 600 3, 560, 000 
207 30 250 3, 600, 000 381 ;, 30 1, 825 4,180,000 | 
208 30 Li oe ee 382 30 a wee 
209 30 265 4, 200, 000 383 30 1, 965 4, 280, 000 
327 | 562 | S01 js | 8459 Lb. .... 
328 562 a a 502 563 - 2 a j 
329 562 [0 | aan 503 : oo | 3,4g0 __...comee8 | 
309 607 OS ee 483 607 | ae: 
310 607 2 ae 484 607 2, eee ee ek 
Sl 635 325 4, 000, 000 485 607 Qe) ee couse eo css 
306 608 S| 480 608 re 
307 636 300 3, 750, 000 481 608 S,Ga0 He. oe 3 
308 608 7 ll Ee A oe 482 608 | a 
303 | 609 2 re 477 | fo | 6 Gam ie. 2 
304 609 | Ge eee re 478 Gap 4) Gee WW.-...-..2. 
305 609 ie rn 479 609 | ee 
222 618 Cs a 396 618 3, eel. oe 
223 646 350 | 4, 000, 000 397 os @ 3, me ie...----22.2 
224 618 ard ee 398 618 4, 220 | .___. 2a 
| | 











TABLE 5.—Summary of tension and compression tests on cement 
mortars and concretes 
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1:2 mortar | 























ae es ae 1:2:3 concrete 
7 Com- | Com- 
iii = ee Tension | pression  Fe8S!0M | pression 
Number of specimens..__-..-------.--.- es 14 18 17 
AVeripee Gays. - — 2.25 ------- 2 s0- 13 16 | 18 19 
Ultimate strength, pounds per square 
ING ok ee ahi yl rrr 251 2, 842 282 1, 648 
Ratio: _ : ; | | 
Ultimate strength in tension 9 per cent 17 per cent 
Ultimate strength in compression 
Modulus of elasticity, pounds per 
SWC... 2c oe wo cee ae------ 2, 920, 000 | 3, 200,000 , 3, 410, 000 | 3, 840, 000 
Ratio: j 
Elasticity in tension _ 91 per cent 89 per cent 
Elasticity in compression 





in compression for both mortar and concrete of the 
character tested. 

The average value for modulus of elasticity of con- 
crete in compression was found to be 3,840,000 pounds 
per square inch and for tension 3,410,000 pounds per 
square inch. Values for the mortar are somewhat less, 
for compression the modulus being 3,200,000 pounds 
per square inch, and for tension 2,920,000 pounds per 
square inch. 
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TABLE 6.—Deformations of 1:2 mortar cylinders under tension in millionths inch per inch 
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RDEPENPON 8S. 8. 2 oe eek wis oe la cee eee eee 144 145 146 147 148 149 150 151 152 154 155 159 160 163 164 186 187 
PROMS... . . cso eee. . - =. - =< Sh A 20 8. qh 7 fi i 7 7 10 10 10 14 14 21 21 21 21 30 30 
Load—pounds per square inch: 
Be. nn oe eee ele ee ee 8 it 13 10 10 10 7 7 13 10 5S) 10 6 10 10 g 10 
| | eer ee Ertan. ere eee ea 2 19 19 20 19 20 21 13 15 20 20 16 17 16 20 19 18 19 
5 a AED. Ny ay De EI EE a a 28 PF 30 28 29 29 23 20 37 28 25 26 23 29 29 28 25 
OO ew Se ee ee ee SO ee ee 35 36 40 37 40 38 30 30 46 35 33 34 29 40 40 34 35 
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ee ee ee me yaa Ne re ae, 1 a See 50 56 61 57 61 56 46 45 63 51 53 49 | or 61 50 51 
| ek er eerste RI Oo ee ee 65 64 73 68 15 66 53 53 69 60 64 57 i 74 59 64 
Mo owe oh ee eI 2a 2 eS eee 78 76 84 80 93 79 60 60 80 GGaleoz2e4 67 rr 91 66 71 
Mee. 0 CA 2 ee ie ee Pee R.Ph 90 Bates Sid Ue 67 68 86 (Ome 28 76 Ch ee) 75 81 
PE: 2 2ee,... Same ea oe See PE ee Sena 104 a ee eee a |Prete, | Sapa 2 (e. 75 Gey | 2. - = 28 84 (iW aa 5 | eres 83 90 
Game fo sk ered eee ee oe Se eee WO |. hole 2 occ |e oe ee 84 i oe | are 2) a) es S| ae 94 99 
Ol 25 lo eo ee ee ee Swen. cees bc 2 eee ree ee Pe ee ee ee | 93 Le |. eee oc. jc eel ak | ee oe 101 109 
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Ultimate strength—pounds per square inch___._______- 275 | 275 | 225) 225 | 200) 225 | S850] 300 | 325 | 245 |\C 175 e275) 285 aos eee 310 
TaBLE 7.—Deformations of 1:2 mortar cylinders under compression in millionths inch per inch 
Suispiione Noles... Jee. | ne oo ce en eee 318 320 32] 323 325 326 Ber | 328 333 335 336 337 360 362 
PS Ce... 3 eee SS Re 8 8 7 iC 10 10 14 14 21 21 21 21 30 30 
Load—pounds per square inch: 
11 as mage 9 ll Nae cea ive ea SPN OE NEE 36 39 36 36 33 31 35 30 34 33 34 33 29 29 
UNE en ee 70 70 rie 71 64 60 60 56 66 61 60 63 60 58 
Ee 2 2 Me te eee ee See te 107 106 106 93 93 | 89 86 84 96 91 91 95 91 88 
8 ee Ste Oe te A 145 141 143 143 124 133 116 iid 129 121 123 125 121 118 
OE sh ee ee ae De ew ne Bee O27 184 ilrigg 179 180 158 150 143 141 157 153 154 158 HSL 146 
a LETS ed aN a nS Ae ee 24 230 210 220 218 188 185 174 170 190 184 188 191 173 179 
SR < SNe oS pee ae ad acne SN co. ee are 269 256 263 262 | 229 218 205 200 224 216 221 225 216 213 
| en chert Ree eae aa es POM gs 316 297 309 306 263 20 235 229 254 | 249 258 259 249 244 
| | a Bs 2's eee ae a ee 370 343 350 356 299 284 270 238 291 283 294 298 281 278 
Grin... ee oe ee er 421 387 396 390 34] 323 313 293 325 319 340 335 318 310 
ee. oe 2 ones See a ons Doe A eee 546 485 500 506 424 404 381 359 396 391 413 43 393 381 
ee cn nee eon ewe Selec eee se ee 635 | 630 502 484 446 425 469 | 465 503 504 AT} 456 
WH. we adeeane ease me cee OS 6 x = a5 ene ee eee ee er ere eee eee 608 575 526 499 554 | 534 600 604 560 534 
(|) rrr cle ee Se este a Se a ea ee eee ae 724 678 613 575 644 640 713 720 670 628 
CONE oe. ie is See Se patie ee ee ee ee ae eee See ||: 2 a 838 791 708 656 744 | (44 | o-02252 858 ee |\... ee 
|| i eee. oC le ea ee a a |S ural 913 814 750 856 | San 2a 1, 023 OMe... se ae 
eo) ee Se ede e 26 ae oo |e rie a ene Sia ee Le) | Lee. 2 lo. eee 988 Ge | Soc naan |. eo 
| TS a a a ne ene ein Sat” Sirs WO ei eae ete tL S| ee ie 1, 256 Lele. secs lesa Se ee ee eee re 
BEM Pe re on OE cc a ee ee a | eae |S eee 1, 575 ee | ae a Ee le | eee Ne Bee 
(1, | i ao) nee 2 || le 6 get Sella a ee ee 1, OOS: |i 2-5-2. |sascesecllesen == oe teem a eee cee ae ere 
Ultimate strength—pounds per square inch..-;| 2,370 {| 2,620! 2,180! 2,420! 3,000; 3,230; 3,175 | 3,540] 3,300; 3,280] 2,500 | a ORR 2, Oe 2, 830 
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TaBLe 8.—Deformations of 1:2:3 concrete cylinders under tension in millionths inch per inch 
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VG.) 2 ee on Dee 8 8 30 30 14 14 14 14 14 21 21 | 21 ri 7 7 29 29 29 
Load—pounds per square inch: 
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TABLE 9.—Deformations of 1:2:3 concrete under compression in millionths inch per inch 
Sappeimmen N Ome... ....ssegeeee.---..._____.- 367 | 868 | 381 | 383 | 405 ' 406 | 414 | 415 | 416 | 420 | 422 | @22 | 420 | 430° 498 | aga | apy 
——" ee eee | - a — 
Age, dayS._._......._._....__...-------. 8 8 s0° |™30. | 14 14 14 i 4 | 21 21 21 7 ; 299 | 2 i 2g 
Toad—pounds per square inch: | 
100 coe _ ae ae. I eee 33 28 28 25 25 29 28 26 31 28 24 pa 28 30 3] 30 | 30 
ee. See eae 59 51! 48 45 49 53 50 69 49 46 46 48 53 66 54 49 | 53 
| SIRES eee Oe) >, 2s ek ae ee 87 80 71 69 7. 66 75 81 70 74 74 74 79 | RO) 79 | 80 
ee ee 117 109 95 94! 106' 108/ 106; 110] 104 96 96 ys | 109 109 109; 101; 120 
- eS | See 180} 140] 118) 121 136, 1386) 186] 144] 138 121 124| 125] 138 140 140 | ig]? 8 §61a9 
eee ee. 184} 175| 143] 148] 166! 169] 168| 178| 164] 149! 151 154 |) wel ia 163% ip 
| 2a 2, ache eieetiae 220) 209/ 168] 164; 203; 204, 201; 218} 200] 181 179} 181] 209] 213 £205! 194 205 
b See Sh eee 250; 248) 196| 208/ 240! 239) 240) 258/ 239/ 210| 210; 213/ 249| 256 249! 229 243 
.) Sree | 309; 209| 226! 240) 280: 285 | 280/ 304] 279) 244) 2401 2411 200; 813 ava) 265 270 
i Sol | do3| 260; 278| 328: 381 | 334) 9351] 339) 280| 276| 278| 398; 372  sa6| 807) ae 
2 ener ene 501}; 489] 331 | 363) 438; 441 | 460| 475| 450] 378! 355| 365| 448/ 551 445] 408 443 
oe oe eee - 975 | 800) 423; 478| 600; 588; 719] 881] 651] 513! 455) 464) 725! 963° 493] 529 625 
MMR fea eens | eel seventeen fs! 6615 |.2..-- eee | ae | an S81 500 | Gasul___ae_.|___.. 875 | 706! 1,087 
lic Sei el ii ginees Lege inn Miles leh i i, 844 | 856 |_.____- eer =... eee el ee ae ee 
ee ! t =... a = rr 
Ultimate strength—pounds per square | | | 
Oe cn A Oe cm _ See... 1,485 | 1,470 | 1,825 | 1,965 | 1, 680 1,805 1,945 — 1,420 ; 1,600 | 1, 600 | 1,900 | 1,830 | 1,400 | 1,445 1,703 | 1,900! 1,600 
| | ! \ | 














The stress-strain curves for concrete in tension 
possesses all the characteristics of the stress-strain 
curves for compression. Figure 4 shows curves for 
mortar specimens in tension. The total deformation 
over which measurements may be made is usually about 
one ten-thousandth inch per inch for tension, and 
about ten times that value for compression. 

Figure 5 shows typical stress-strain curves for 
concrete specimens in tension. The specimens selected 
are those for a low, medium, and high value for the 
modulus of elasticity. As with the stress-strain curves 
in compression, there is for the lower loads an initial 
straight line relation, from which the stress-strain 
tension curve departs gradually. 

Tables 6 to 9 show in detail the deformations for 
practically all the specimens in Tables 3 and 4. 
Specimens from the same batch of concrete can be iden- 
tified by reference to the last-mentioned tables. 











POISSON’S RATIO DETERMINED 


A few measurements of Poisson’s ratio were made in 
accordance with a method previously described by the 
writer.2 The tests demonstrated that, for the lower 
loads, the lateral deformation of the specimens as well 
as vertical deformations are proportional to the applied 
loads. This straight line relation being a fact, then 
Poisson’s ratio for a given specimen is a constant for 
the lower loadings up to the limit of proportionality of 
elastic limit. 

The measurements of Poisson’s ratio were made upon 
1:2 mortar specimens and also upon 1:2:3 concrete 
cylinders. At the time of testing, the specimens were 
from 2 to 12 months in age. Poisson’s ratio for 15 
determinations varied from 0.108 to 0.180 with an 
average value of 0.147. 





3 Proceedings A. S. T. M., vol. 24, 1924. Part 1I, p. 1024. 








(Continued from p. 236) 


construction in North Carolina, where a mix containing 
considerably more coarse aggregate than we have been 
in the habit of permitting has been used by combining 
three separate sizes of coarse aggregate. 

Another outstanding advantage of handling and 
proportioning coarse aggregate in this manner is that 
it makes possible much closer control of water at the 
mixer, through the elimination of a variable, which 
has caused more trouble than is commonly supposed. 
This is the fluctuation in the water requirements of 
individual batches due to changes in grading. Batch- 
to-batch variations in the quantity of the finer sizes of 
the coarse aggregate—that is, the material ranging 
from about three-fourths inch down—are quite com- 
mon under the present practice and cause marked 
variation in the workability of the concrete. This 
leads to a tendency on the part of the mixer operator 
to control the workability by changing the amount of 
water. It will be admitted that uniform water content 
is essential to uniform concrete. Measurement of 
coarse aggregate in separate sizes will contribute much 
to this end. 


With regard to hand finishing, the bureau feels that 
smoother riding surfaces can be produced with me- 
chanical equipment, and also that it is possible by 
mechanical means to handle economically and_ effi- 
ciently a drier concrete and one containing a higher 
percentage of coarse aggregate than when hand-finish- 
ing methods are employed. The manner in which a 
finishing machine will handle a concrete which by all 
laboratory standards would be labeled unworkable has 
considerably altered our conception of what we term 
(for want of a better name) “workability” in concrete. 


The bureau believes that the loose methods of control 
which have been the rule in the past have often led to 
the use of proportions capable of producing a concrete 
of considerably higher strength than that called for in 
the design, in order that we might be certain of obtain- 
ing the design strength in the field. We have been 
employing a factor of safety in the shape of richer 
mixtures to take care of inadequate control methods. 
The greater certainty of the methods proposed should en- 
able us to design and produce concrete conforming more 
closely to whatever design requirements may be imposed 
with resulting benefits both physical and economical. 


PUBLIC 


Vol. 9, No. 12 





ROADS 











(continued from p. 233) 


prior to 1915 the surface was not in condition for treat- 
ment, viewed from present-day knowledge. It was 
not stable and well bonded nor did it receive the prim- 
ing coat or binder necessary to bind the surface treat- 
ment to the road structure. Consequently the bitu- 
minous surface mat was readily displaced and, due to 
movement of the stone particles directly underlying 
it, rapidly deteriorated. 

"In the case of the treatments since 1915, in which 
the same type of bituminous material was used as 
formerly, excellent results were obtained due to the 
penetration construction. This construction had stabi- 
lized the top portion of the road and furnished a surface 
to which the later surface treatments readily bonded. 


TaBLeE 9.—Distribution of subgrade groups with respect to pavement 
slab thickness } 
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1 Only the north side and center SHieleMesses are considered, since the south side was 
raised to the level of the concrete shoulder. See Table 8 for typical analyses of the 
subgrade groups. 

The following conclusions are presented as a result 
of consideration of the experimental data: 

Stage construction furnishes an efficient means for 
eliminating variation in subgrade support due to dif- 
ference in soil character and drainage conditions. 

Old traffic-bound roads, although unsatisfactory 
when subjected to traffic action directly, may serve 
efficiently as foundations for waterproof, wear-resisting 
surface courses. 

Increasing the width of the pavement, previously of 
inadequate width, has reduced the maintenance cost 
per average daily vehicle. Itis obvious that the reduc- 
tion in unit vehicle costs has been due to a large increase 
in traffic without a corresponding increase in mainte- 
nance costs. 

The success of a surface treatment depends to some 
extent upon the type of materials employed and the 
method of treatment, but to a greater extent upon the 
condition of the road to be treated. 

A bituminous wearing course, which of itself does 
not furnish appreciable load support, will reduce the 
tendency of the macadam base to displace under the 
action of traffic. A comparatively thick bituminous 
wearing surface has the advantage in this respect over 
the thin mat treatment, although with the use of the 
priming coat, as at present, this difference is not so 
ereat as formerly. 


FORM FOR CASTING CYLINDERS IN 
SLABS 





CONCRETE 


The report on field experiments in curing concrete 
pavements in Maryland’ described how concrete 
cylinders for testing purposes were cast and cured in a 





1 See nevus Roads, vol. 9, No. 7, September, 1928. 








test slab adjacent to the road. The accompanying 
sketch shows the details of construction of the form 
used for this purpose. 


The outer shell was driven about 234 inches into 
the subgrade so that it was firmly placed and the 
inner shell was adjusted so that its top was one- 
quarter inch below the top of the slab forms. A coat- 
ing of heavy grease between the two molds facilitated 
removal of the iron cylinder and a layer of grease at 
the top of the outer mold sealed the space between 
the two, preventing any leakage of mortar which 
would have made removal difficult. Slots at the top 
of the iron mold made possible its removal by chiseling 
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DETAILS OF Moups USED IN CasTING CYLINDERS 


through the 44-inch layer of concrete and then pry- 
ing it out with two pinch bars bent at an angle of 
45°, One person could remove these molds without 
difficulty. 


HIGHWAY RESEARCH BOARD TO INVESTIGATE 
CURING 


The highway research board of the National Research 
Council announces that arrangements had been made 
for conducting an investigation of methods of curing 
concrete pavement slabs. The work will consist first 
of making a correlation survey of all available existing 
data. These data will be analyzed and submitted to a 
special committee appointed by the board. The 
further program of the project will depend upon the 
findings of this committee. 


The highway research board does not itself carry on 
research work, but from time to time special inves- 
tigational projects are organized for correlating the 
work of other research agencies, for promoting addi- 
tional research and for disseminating the results of 
research. 
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EARLY WRITER STRESSES IMPORTANCE OF WATER 
CONTENT OF CEMENT MORTAR} 


[Extract from Niles Register, 1817] 


Experiments showing the progress made in discover- 
ing the materials for a water cement, among our domes- 
tic resources, in a letter to Dr. Mitchill from David 
Meade Randolph, Esq., of Virginia, dated Richmond, 
June 26, 1817. : 

Dear Sir: Among the great variety of useful inven- 
tions connected with the arts, as it has been lately my 
object to pursue and to have observed in England, it 
was one of great importance in my mind, to discover 
in this country something that might answer an equally 
valuable purpose with the famous ‘‘Dutch Terias,” or 
Parker’s ‘Roman Cement,” as it is now generally used 
in England and the West Indies for works under water 
and elsewhere situated. 

In this pursuit it has been my good fortune to succeed 
so far as to indulge a confidence that upon the more 
satisfactory test of works upon a large scale, and a 
reasonable term of time for experience, there can be 
nothing discovered of more importance to the construc- 
tion of durable foundations either under fresh waters 
or those of the sea than those certain minerals that I 
take the liberty of transmitting to you herewith. These 
will be found in two stone pots to your address. One 
of them contains a powder which I conceive to possess 
the properties of Puzzolana, or the cellular basalt of 
Doctor Rees; the other is a lime produced from certain 
concretions of lime, clay, and other matters found on 
the banks of York River, near to the town of Little 
York. These jagged and very various irregular sized 
(apparently) rocks seem to have been formed a little 
below the adjacent land, and to have tumbled from 
them as the washings of the tides have worn them 
down; for many fragments or distinct masses are seen 
pendant from their beds. The quantity is very exten- 
sive; and, from some parts of the same banks, the 
vertebra and other bones of some huge land or sea 
animal are found to have been dislodged likewise. This 
lime rock, upon being calcined, falls to an impalpable 
powder. It does not slack lke other limes; on the 

1 This article has been submitted by Prof. R. S. Swinton of the University of 


Michigan. It was called to his attention by W. J. Worth, a student in the course on 
history of engineering. 











contrary by the application of water as in slacking other 
limes, the powder forms itself into a mass, and coagu- 
lates by lying; and when made into a paste, forming a 
plate of it, suspecting it to dry, it assumes a stony or 
hard appearance, which being immersed in water before 
it is quite dry too, it does not dissolve like paste made 
of other lime. 

One of those pots aforesaid (the other) contains a 
mixture of this ime powder and the powdered basalt, 
in the proportion of lime two, basalt three, which from 
my experiments seems to be the most perfect for terias 
mortar. They are to be reduced to a plastic state, by 
adding the smallest quantity of water possible, and that 
by little and little, to aid the beating in rendering it 
tough. Observe this rule: The more beating and the 
less water, the firmer the mortar. Hence you will per- 
celve, sir, that my researches have been to the best 
chemical authorities, as far as my simple capacity has 
enabled me to understand from Doctor Rees and some 
others upon this subject. My acquirements and ability 
to investigate and to understand, are solely from 
exercising my practical knowledge and limited powers 
of mind; whilst I would most respectfully solicit your 
enlightened aid to mature my purpose, and to stamp a 
character upon my inventions. 

Two bricks were cemented on the Ist of this month 
with a mortar far less perfect than the above and in- 
stantly (while the mortar was soft) they were placed 
in a basin of water, where they have remained ever 
since. ‘The cement grows harder with time as is very 
perceptible; and from the crust that is evidently form- 
ing on the surface I am expecting a crop of stalactites. 

You will readily perceive, sir, that if the invention 
shall prove effectual, I am fairly entitled to a reasonable 
compensation, to be secured by a patent or otherwise, 
and that your kind assistance in the promotion of my 
object would be gratifying in an eminent degree. In 
conclusion, sir, | pray you would have the goodness to 
favor me with a reply; for my apprehensions of having 
trespassed too far on your benignity can only be re- 
heved by your favorable reception of this appeal to 
your liberality, and by such orders for a supply of the 
crude materials as you shall be pleased to give your 
most respectful and humble servant. 


D. M. Raspompae, 














REPORT ON TRACTIVE RESISTANCE BY IOWA ENGINEERING EXPERIMENT STATION 


Conclusions as to the effect of tractive resistance are 
presented in Jowa Engineering Experiment Station 
Bulletin No. 88, Tractive Resistance of Automobiles 
and Coefficients of Friction of Pneumatic Tires, by 
‘T. R. Agg. The bulletin is the result of work done at 
the station in cooperation with the Bureau of Public 
Roads. 

The more significant results of the investigation are 
summarized as follows: 

1. There is no great difference in the tractive resist- 
ance of any particular vehicle on various road surfaces 
that are reasonably smooth and hard. In some 
instances the low or intermediate types give as low a 
tractive resistance as the high-type paved surfaces. 
A detailed inspection of the various tractive resistance 
diagrams will show that paved surfaces in good repair 
do not give as wide a range of variation in tractive 
resistance as do the intermediate and low types, nor 


does the tractive resistance on pavements reach as high 
maximum values as those determined for some of the 
low and intermediate types. 

2. The high tractive resistance caused by mud is 
due in part to the necessity of squeezing the mud away 
from the tire as it rolls through the soft surface layer 
and in part to a certain springiness of the whole road 
crust. In deep mud the wheel tends to slide like a 
runner. This condition is not uncommon on earth 
roads and has come to be expected at certain seasons, 
but it adds greatly to the cost of transportation over 
the road. 

3. The effect of a spongy subgrade under a thin road 
crust (a condition common on light gravel roads) 1s 
quite evident. The yielding of the foundation under 
the load, although the road crust does not break up, 
adds approximately 50 per cent to the tractive resist- 
ance at 20 miles per hour. This condition is perhaps 
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of no great consequence so far as light vehicles are 
concerned, but 1s a very important one from the stand- 
point of the truck and bus operator. On a road in this 
condition fuel consumption will be markedly greater 
than on the same road when the foundation is stable 
and unyielding, as it is when dry. 

4. Rough surfaces of a given type generally have a 
higher tractive resistance than smooth surfaces of the 
same type. There is a tendency for the tractive resist- 
ance curves on certain varieties of roughness to drop at 
the higher speeds. In some instances they even cross 
those for smooth surfaces. In other instances the 
tractive resistance curves for rough surfaces are at all 
speeds higher than the corresponding curves for smooth 
surtaces. 

The difference in behavior on different rough surfaces 
seems to be due to the effect of the resiliency of the 
tire and spring system. With a certain type of recur- 
ring roughness the wheel bounds in such a manner that 
the tire is partly off the road surface for appreciable 
time intervals and the distortion of the tire and the 
power loss therein reduced below that of a smooth 
surface. This apparent economy is doubtless much 
more than offset by the impact effects on the vehicle 
and the discomfort to the occupants. Roughness of 
the erratic type due to neglected maintenance, which 
leaves potholes, fissures, and irregular bumps in the 
road surfaces is an unmitigated nuisance. 

5. The relation between the air pressure in the tires 
and the tractive resistance is well indicated by the data. 
As the pressure 1s lowered the tractive resistance in- 
creases, although some inconsistencies appear in the 
figures, due to ‘unavoidable variations in road surface 


and wind during the time when the runs were made. 
The same type of observation could be made much more 
accurately in the laboratory. Nevertheless, these 
diagrams show that the motorist must pay in extra 
fuel consumption for neglecting to keep his tires at the 
praper pressure. Also, he loses in service life of the 
tire, if laboratory tests mean anything. 

6. Laboratory tests indicate that rolling resistance 
decreases with an increase in the temperature of the 
tires. 

7. In building so-called “traffic-bound” road sur- 
faces, loose material is placed on the road to be packed 
by the traffic. A comparison of tractive resistances on 
both loose and compacted surfaces indicates that there 
is considerable cost 1n compacting a road surface by 
means of rubber-tired vehicles. Of course, this cost 
is concealed in the everyday operating costs to the 
owners Of vehicles, but it is none the less real. It is 
unlikely that the public realizes the situation, and per- 
haps never will, but the practice is certainly open to 
serious question from the economic standpoint. 


TYPOGRAPHICAL ERROR CORRECTED 


In printing the article ‘“Model Analysis of a Rein- 
forced Concrete Arch” in the January issue of Public 
Roads a typographical error was made. On page 209 
it was stated ‘“‘It follows from the Maxwell theorem 

dy ”? 


of reciprocal deflections that for a unit load, I= as 
1 


The formula should have been T -@. 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited, and when the Department’s free supply is 
exhausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
fo furnish publications free. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 


DEPARTMENT BULLETINS 


No. 105D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1913. 

*136D. Highway Bonds. 20c. 

220D. Road Models. 

257D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 

*314D. Methods for the Examination of Bituminous Road 
Materials. 10e. 

*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10e. 

*370D. The Results of Physical Tests of Road-Building 
Rotk, (15e; 

386D. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 

387D. Public Road Mileage and Revenues in the Southern 
States, 1914. 

388D. Public Road Mileage and Revenues in the New 
England States, 1914. 

390D. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 

407D. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 

463D. Earth, Sand-clay, and Gravel Roads. 

*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

*537D. The Results of Physical Tests of Road-Building 
Rock in 1916, Including all Compression Tests. 
oc. 

*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25ce. 

*660D. Highway Cost Keeping. 10ce. 

*670D. The Results of Physical Tests of Road-Building 
Rock in 1916 and 1917. 5e. 

*691D. Typical Specifications for Bituminous Road Mate- 
rials. 10c. 

*724D. Drainage Methods and Foundations for County 
Roads. 20c. 

*1077D. Portland Cement Concrete Roads.  15ce. 

1216D. Tentative Standard Methods of Sampling and Test- 
ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use 
in connection with Federal-aid road construction. 

1259D. Standard Specifications for Steel Highway Bridges, 


adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 


DEPARTMENT BULLETINS—Continued 


No. 1279D. Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 
1486D. Highway Bridge Location. 
DEPARTMENT CIRCULARS 
No. 94C. T. N. T. as a Blasting Explosive. 


331C. Standard Specifications for Corrugated Metal Pipe 
Culverts. 


TECHNICAL BULLETIN 
No. 55. Highway Bridge Surveys. 
MISCELLANEOUS CIRCULARS 


No. 62M. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal Aid 


Highway Projects. 
93M. Direct Production Costs of Broken Stone. 
*109M. Federal Legislation and Regulations Relating to 


the Improvement of Federal-aid Roads and 
National-Forest Roads and Trails. 10c. 


FARMERS’ BULLETIN 
No. *338F. Macadam Roads. 
SEPARATE REPRINTS FROM THE YEARBOOK 


5¢e. 


No. 914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Connecticut. 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 


Vol. 5, No. 17, D-— 2. Effect of Controllable Variables upon 
the Penetration Test for Asphalts and 


Asphalt Cements. 


Vol. 5, No. 19, D— 3. Relation Between Properties of Hard- 
ness and ‘Toughness of Road-Build- 
ing Rock. 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No. 6, D—- 8. Tests of Three Large-Sized Reinforced- 
Concrete Slabs Under Concentrated 
Loading. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforeed-Con- 
crete Slab Subjected to Eecentric 


Concentrated Loads. 





* Department supply exhausted. 
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